The rate constants from Table 1 
In the four previous papers in this series (Thorneley & Lowe, 1983 Lowe & Thorneley, 1984a,b) we developed a comprehensive kinetic model for the mechanism of nitrogenase action. A rigorous test of this model is whether it is capable of simulating the dependence of the rate of H2 evolution on the concentration and ratio of the two proteins, the MoFe protein (Kpl) and the Fe protein (Kp2), that comprise nitrogenase. Such dependences form the basis of the standard assay used to determine the specific activities of the MoFe protein and Fe protein and are often referred to as 'titration curves' (Eady et al., 1972; Emerich et al., 1981) . The maximum rate of H2 evolution (or C2H2 reduction) is used to calculate the specific activity. Because of the limitations of substrate supply, product inhibition and the time required for syringe additions to start and terminate assays, protein concentrations in the range 0.5-5 gM are commonly used for these assays.
However, for rapid-quench experiments designed to investigate the pre-steady-state phase of product, formation (Lowe & Thorneley, 1984a; Thorneley & Lowe, 1984) , protein concentrations in the range 10-100Mm need to be used. The specific activities calculated for H2 evolution from the steady-state rate at 10 s showed that at these high protein concentrations nitrogenase is inhibited.
Abbreviations used: Kpl and Kp2, MoFe-containing protein and Fe-containing protein components respectively of Klebsiella pneumoniae nitrogenase.
Alternatively, if low concentrations (< 0.5 guM) of nitrogenase component proteins are used, a decrease in specific activity is observed as the total protein concentration decreases. This is often referred to as the 'dilution effect' (Mortenson, 1964) .
Thus three classes of experiment, namely dilution effect, titration curves and pre-steady-state rapid quench, have provided data that show a complex dependence of H2-evolution rate on the absolute concentrations and ratio of the Fe protein and MoFe protein. In the present paper we explain these kinetics and show how the dependences can be simulated by using Scheme 2 and the rate constants in Table 1 of Lowe & Thorneley (1984a) .
We have not allowed any of the values of these rate constants to vary in order to decrease deviation between the simulations and the experimental points.
Methods and materials Protein preparation
Nitrogenase component proteins (Kpl and Kp2) were purified and characterized as previously described (Lowe & Thorneley, 1984a) .
Assay procedure and kinetic analysis
The steady-state rates of H2 formation were determined as previously described (Lowe & Thorneley, 1984b) , with medium containing 9mM-Vol. 224 ATP, lOmM-MgCl2, 25 mM-Hepes [4-(2-hydroxyethyl)-l-piperazine-ethanesulphonic acid]/NaOH buffer, pH7.4, and 10mM-Na2S204 except where stated. The concentrations of Kpl and Kp2 are given in the legends or in the text. The duration of the assays was varied (usually in the range 5-40min) to ensure that the time course for H2 formation was linear and to optimize the yield of H2. It was not possible to maintain a constant rate of H2 evolution at the low S2042-concentrations shown in Fig. 5 , since a significant amount of the dithionite was consumed during the course of the assay. Therefore the data points and the simulated curves in Fig. 5 represent the total number of nmol of H2 formed after 1 or 5min and initial S2042-concentration.
The data at high protein concentrations (Fig. 2 ) were obtained by using a rapid-quench technique described by Lowe & Thorneley (1984a) and conventional assays of 5-10 s duration. The latter assay procedure, involving rapid manual syringe additions of premixed Kpl and Kp2 proteins (0.01-0.2 ml) to initiate the reaction and 40% (w/v) trichloroacetic acid (0.1 ml) to terminate the assay, was originally developed to check that the inhibition of H2 evolution observed at high protein concentrations in pre-steady-state H2-evolution studies (Lowe & Thorneley, 1984a ) was a genuine effect and not due to protein inactivation. The glass vials (2.3 ml) used for these assays were fitted with rubber closures through which syringe additions could be made; they contained 0.4ml of reaction mixture and enzyme under Ar. After completion of the assay, the vial was inverted and shaken vigorously for 15 min to allow equilibration of H2 between the liquid and gas phase. A gas sample (0.3 ml) was used for H2 analysis by vapourphase chromatography as described by Dilworth & Thorneley (1981) .
The simulated curves were obtained by using Scheme 2, the rate constants in Table 1 and the computing procedure described in Lowe & Thorneley (1984a Thorneley et al. (1975) analysed kinetic data for C2H2 reduction at 30°C by assuming that reversible complex-formation occurs between Kp2 and Kpl and that the substratereduction activity was associated with the complexed proteins. Thus the 'dilution effect' was explained as a mass-action effect on this equilibrium (K = 2.0 x 107 +0.6 x 107M-I at 300C).
A more rigorous analysis of this effect is now possible as a consequence of studies on the kinetics of the oxidation-reduction of Kp2 (Thorneley & Lowe, 1983) and the substrate-reduction cycle (Scheme 2 of Lowe & Thorneley, 1984a (Fig. 1) . C2H2
was not used as a substrate, for two reasons. Firstly, we have not yet fitted C2H2 reduction into our overall substrate-reduction scheme, and, secondly, we have evidence suggesting that C2H2 and its reduction product C2H4 may perturb the equilibria between Kpl and Kp2 proteins.
The line through the data points in Fig. 1 is a simulation made by using the rate constants in Table 1 and Scheme 2 of Lowe & Thorneley (1984a) . The simulation is sensitive to the value of k+1 but not to that of k-1 provided that k1 < 100s-1 (see the discussion in Lowe & Thorneley, 1984b (Eady et al., 1972) . Eady & Postgate (1974) and Emerich et al. (1981) have reviewed the literature of titration curves, and, although they recognized that the stoichiometry and kinetics of complex-formation between the Fe protein and MoFe protein, the rates of reduction ofoxidized Fe protein by the electron donor and the nature of the reducible subs tte were all important parameters, they could not present either a comprehensive qualitative explanation or quantitative simulation of the shape of these curves.
Scheme 2 and the rate constants in Table 1 of Lowe & Thorneley (1984a) can simulate both types of titration curve quantitatively and provide an explanation for the variation in the shape of these curves as various parameters are changed.
(a) Titration ofKpl with Kp2. Fig. 3 shows data that constitute a typical titration curve such as is used to determine the specific activity of (1) The specific activity will be proportional to the Mo content of the Kpl (Hawkes et al., 1984) . (2) and the low concentration of SO2-). The use of Na2S204 concentration above 50mM is precluded by salt effects (Thorneley & Lowe, 1983 (Thorneley & Lowe, 1983) . The simulation in n curve such Fig. 4 Thorneley (1984a,b) and Thorneley & Lowe (1984) bthods and required the Kp2 protein, used to obtain the data, and [Kpl] which had a measured activity at 30°C of simulation 1500nmol of H2/min per mg of Kp2, to be only (2) and a value of 2500 + 500 nmol of H2/min per mg for the specific activity of Kpl (Hawkes et al., 1984) gives a value of 4000 + 800nmol of H2/min per mg for the maximum specific activity of Kp2. The difference is due to the effect of inactive Kp2. As the percentage of the total Fe protein that is active increases, the difference will become less significant.
Dependence of the rate of H2 evolution onS2042-concentration It is generally agreed that S02-is the true electron donor to nitrogenase when dithionite is the reductant (Thomeley & Lowe, 1983) . There is, however, some controversy as to whether the dependence shows saturating (Hageman & Burris, 1978) or non-saturating (Watt & Burns, 1977) kinetics. Scheme 2 and Haaker et al. (1984) , who estimated an Fe-protein specific activity in vivo of 7000nmol of C2H2 reduced/min per mg of Fe protein after 02 shock of an Azotobacter vinelandii culture.
We were pleased when the scheme correctly predicted the form of the protein titration curves. It was only after a detailed inspection of the computer-simulated concentrations of the various intermediates that we recognized the precise origin of, for instance, the inhibition of H2 evolution at high MoFe protein/Fe protein ratio. Although the scheme is the simplest one that we are able to construct for a dissociating nitrogenase system that involves eight sequential electron transfers, kinetic complexity is inherent in a scheme defining 17 rate [Dithionitep- (mmi) [DithionitOl (mmf) Fig. 5 . Dependence of the rate of H2 evolution from nitrogenase on dithionite concentration The data points were obtained as described in the Methods and materials section. Total amounts of H2 evolved at (a) 5 min and (b) 1 min are plotted because of non-linearity in the assays at low dithionite concentrations. The protein concentrations were: (a) [KplI] constants and 46 intermediates. The ability to simulate experiments is satisfying; the prospect of predicting the response of the system to changed parameters is exciting.
